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ABSTRACT 


A  series  of  experiments.  In  which  the  forces  and 
moments  acting  on  a  slender,  submerged  body- of- revolution 
moving  under  regular  waves  were  measured,  provided  data  to 
verify  theoretical  predictions  of  these  forces  and  moments. 
The  measured  and  predicted  results  over  a  range  of  speeds, 
heading  angles,  and  wave  lengths  agreed.  The  measured  and 
predicted  roll  moments,  acting  on  the  same  model  but  with  a 
conning  tower,  did  not  agree;  however,  the  measured  and  pre¬ 
dicted  heave  and  side  forces  and  the  pitch  and  yaw  moments 
did  agree. 


I.  INTRODUCTION 

In  the  development  of  optimum  underwater  vehicles. 
Increasing  Importance  has  been  given  to  the  prediction  of 
motions  due  to  wave  forces.  In  the  past,  these  predictions 
were  attempted  theoretically,  and  expressions  for  the  forces 
and  moments  acting  on  a  spheroid  moving  obliquely  under 
regular  waves  were  developed  (reference  l) .  As  a  result  of 
choosing  this  simple  model,  the  expressions  for  the  forces 
and  moments  were  In  closed  form.  However,  the  range  of  shapes 
to  which  the  results  applied  was  limited.  An  extension  to 
more  general  shapes,  using  strip  theory,  provided  more 
practical  results  for  the  case  of  slender  bodies  In  head  seas. 
An  empirical  correction  factor  applied  to  the  theoretical 
results  provided  agreement  between  theory  and  experiment. 

This  correction  accounted  for  wave-body  interactions.  An 
extension  of  Legally ’s  Theorem  to  unsteady  flows  provided 
means  for  predicting  the  forces  and  moments  acting  on  a  slender 
body-of-revolutlon  moving  oollquely  under  waves  (reference  2). 
Again  using  strip  theory  but  including  the  wave-body  inter¬ 
actions,  a  method  was  found  by  which  the  forces  due  to  added 
masses  of  fins  could  be  Included  with  the  prediction  of  forces 
and  moments  on  a  slender  body  (reference  3).  The  results  of 
reference  3  agree  with  those  of  reference  2. 

Previous  experimental  Investigations  were  for  head 
seas  only.  These  results  did  not  provide  Information  for 
the  oblique  seas  case.  Therefore,  a  series  of  experiments 
was  conducted  with  a  slender  body-of-revolutlon  at  various 
heading  angles  and  several  forward  speeds  and  wave  lengths. 
Measurements  of  the  magnitude  and  phase  of  the  heave  and  side 
force  and  the  yaw  and  pitch  moment  which  acted  on  the  model 
showed  good  agreement  with  the  values  predicted  h-j  the  theory 
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in  reference  3.  In  another  series  of  tests,  a  conning  tower 
was  attached  to  the  model.  The  measured  roll  moment  showed 
poor  agreement  with  the  theory;  however,  the  other  measured 
forces  and  moments  showed  good  agreement  with  theory. 
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II .  EXPERIMENTAL  SETUP 


A.  APPARATUS 

The  experiments  were  performed  In  the  Seakeeplng 
Facility  (Figure  l)  described  In  reference  4. 

1.  Model 

A  serles-58  Hull  was  used  In  all  tests.  This 
family  of  bodles-of-revolutlon  Is  described  In  reference  5» 

The  model  dimensions  are  given  In  Table  I.  The  afterportion 
of  the  model  was  altered  by  cutting  off  the  last  three  Inches 
to  accomodate  the  sting.  The  effect  of  this  change  was 
neglected;  the  model  length  used  In  all  calculations  was 
4.5  feet.  For  the  calculation  of  the  Inertial  properties  of 
the  model,  the  water  contained  In  the  free-flooding  cavities 
within  the  model  was  assumed  to  move  rigidly  with  the  model. 

The  conning  tower  was  an  airfoil- shaped  fin  with  a  chord 
length  of  0.45  foot  and  a  span  of  0.293  foot  with  the  leading 
edge  1.27  feet  aft  of  the  bow. 

2.  Sting,  Carriage,  and  Bridge 

A  sting,  connected  to  a  faired  vertical  strut, 
supported  the  model.  The  strut  was  supported  from  a  carriage 
running  on  a  rail  beneath  the  truss- type  bridge  that  spanned 
the  tank.  The  angle  of  the  bridge  relative  to  the  wave  crests 
was  adjustable.  An  Internal  balance  between  the  sting  and 
model  measured  the  desired  forces  and  moments  (Figure  2) . 

3.  Preliminary  Tests 

Preliminary  tests  of  this  apparatus  Indicated  two 
difficulties.  The  vibrations  caused  by  the  rolling  carriage 
wheels  and  other  extraneous  sources  completely  obscured  the 
desired  outputs  from  the  balance.  In  addition,  the  flexibility 
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Ox  the  supporting  structure  permitted  appreciable  vertical 
and  horizontal  motions  of  the  model.  The  resulting  dynamic 
and  hydrodynamic  effects  could  not  be  neglected. 

Supports  extending  to  the  walls  and  ceiling  trusses 
of  the  building  decreased  the  vertical  oscillations  of  the 
bridge  considerably,  but  the  horizontal  motion  remained.  Much 
of  this  motion  was  due  to  flexibility  In  the  brldge-rail- 
carrlage  system  and  could  not  be  reduced  easily, 

4.  Instrumentation 

The  transducers  used  as  sensing  elements  in  the 
balance  were  Schaevltz  linear  differential  transformers. 

To  provide  the  necessary  Information  to  correct 
for  dynamic  effects,  accelerometers  Installed  at  the  center- 
of-gravlty  of  the  model  measured  the  horizontal  and  vertical 
accelerations.  Low-pass  filters  reduced  the  noise  In  the 
outputs  of  the  Schaevltz  gages  and  the  accelerometers. 

A  resistance  wave-wire  supported  from  the  carriage 
at  a  known  distance  ahead  of  the  model  measured  the  wave 
height. 

The  five  filtered  outputs  from  the  balance,  the 
two  filtered  outputs  from  the  accelerometers,  and  the 
unflltered  wave- wire  output  were  recorded  (Figure  3) • 

B.  CALIBRATION 
1.  Filters 

A  sinusoidal  signal  was  fed  Into  the  primary 
terminals  of  eight  transformers.  The  outputs  from  the 
secondaries  of  seven  of  these  transformers  were  fed  Into  the 
recorder,  each  through  its  own  filter.  The  output  of  the 
eighth  transformer  was  put  directly  Into  channel  eight  of  the 
recorder.  In  this  way,  eight  signals  from  a  single  source 
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were  recorded  simultaneously,  with  and  without  the  effect  of 
the  filters,  under  the  same  electrical  conditions  as  used  In 
the  experiments  (Figure  4).  The  attenuation  and  phase  shift 
of  each  channel,  relative  to  the  unflltered  one  (channel 
eight) ,  obtained  at  several  input  frequencies  covering  the 
range  anticipated  gave  the  Information  necessary  to  correct 
for  the  electrical  attenuation  and  phase  shift  due  to  the 
filters.  The  filters  effectively  suppressed  high-frequency 
noise  and  passed  the  desired  signal,  which  was  in  the  range 
0.6  to  2.5  cycles  per  second.  Spot  checks  with  differing 
amplitudes  of  the  common  Input  signal  gave  no  difference  In 
the  results. 

2.  Accelerometers 

The  accelerometers  were  mounted  on  beam  as  shown 
In  Figure  4.  The  beam  was  oscillated  at  a  known  amplitude 
and  at  several  frequencies  and  the  accelerometer  outputs  were 
passed  through  filters  and  into  the  recorder.  The  amplitude 
and  frequency  of  the  recorded  signal  were  plotted  against  the 
amplitude  of  the  acceleration  at  the  accelerometer.  Correct¬ 
ing  for  the  filter  attenuation  at  each  frequency  gave  a  linear 
calibration  curve. 

3 .  Wave-Wire 

The  unflltered  output  from  the  resistance  wave-wire 
was  recorded  on  channel  eight  of  the  recorder.  After  record¬ 
ing  a  zero  position,  the  wave-wire  was  moved  known  distances 
to  either  side  of  the  zero  position  to  obtain  the  calibration 
curve. 

4.  Balance 

An  Initial  check  of  the  balance  characteristics 
while  they  were  mounted  In  the  model  but  In  air  showed  that 
the  cross  coupling  among  the  force  and  moment  components  was 
negligible  and  that  each  component  was  linear.  An  extensive 
calibration  was  then  done  in  air. 
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TEST  PROCEDURE 


Tests  were  made  over  a  range  of  speeds,  wave 

lengths,  and  heading  angles  (Table  II) .  In  addition.  Table  II 

shows  the  frequencies  of  encounter  (r)  )  for  each  condition  as 

0 

given  by  the  relation 

V  cos  6  +  c  f-,\ 


where  V  =  speed  of  advance  of  the  model 

0  =  heading  angle  relative  to  wave  direction 
c  =  wave  speed 
X  =  wave  length. 


Each  day's  testing  began  and  ended  with  a  calibration  of  the 
balance  and  wave  wire.  The  bridge,  was  moved  to  give  the 
desired  heading  angle  and  then  was  braced  as  described  pre¬ 
viously.  To  get  the  desired  wave  length,  the  period  of  the 
wave-maker  was  set  at  the  desired  value  (T^)  given  by 

T  =  J  (2 

w  Y  g 


where  g  is  the  gravitational  constant, 
wave  speeds  v/ere  found  from 

c 


The  corresponding 


(3) 


For  wave- length/body- length  ratios  of  1.0  and  1.5»  the  wave 
amplitude  was  set  at  l/20  of  the  wave  length.  At  the  longer 
wave  lengths,  smaller  amplitudes  were  used  so  as  not  to 
stress  the  wavemaking  equipment. 


A  constant-speed  electric  motor  drove  the  carrlsige 
through  a  gear  cind  pulley  system.  The  gear  ratio  and  pulley 
radius  were  adjustable  to  give  a  range  of  speeds  in  discrete 
steps  of  varying  size. 

Starting  the  model  as  soon  as  the  regular  wave  train 
was  established  over  the  course  of  the  test  minimized  the 
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Interference  of  the  wave  system  reflected  from  the  beach. 

The  zero  speed  tests  were  made  with  the  model  near  the  middle 
of  the  tank;  the  beam  sea  tests  were  made  across  the  middle 
of  the  tank.  Thus,  the  tests  were  usually  completed  before 
the  reflected  wave  reached  the  model. 

After  each  run,  the  model  was  returned  to  the 
starting  position  and  the  next  speed  was  set.  This  procedure 
was  repeated  with  the  conning  tower  attached. 

D.  DATA  REDUCTION 

Analysis  of  the  experimental  data  gave  the  magnitude 
and  phase  angle  of  the  forces  and  moments  acting  on  the  model. 

Five  or  six  cycles  from  each  run  were  chosen  and 
the  data  reported  were  the  values  averaged  over  this  segment. 
The  frequency  of  encounter  determined  from  the  recorded  wave 
height  agreed  with  the  values  given  in  Table  II,  The  wave 
height  was  obtained  from  this  record  using  the  calibration 
curve  described  previously.  Similarly,  the  magnitudes  of  the 
forces  and  moments  were  computed  from  the  corresponding  records 
and  calibration  rates.  In  addition,  the  force  and  moment 
magnitudes  were  corrected  for  the  filter  attenuation  at  the 
frequency  of  encounter  according  to  the  following  relation; 

tape  magnitude  x  =  force  magnitude  ( 4) 

These  results  divided  by  the  wave  amplitude  gave  force  per 
unit  wave  amplitude e  The  factor  d^  corrected  for  minor 
variations  in  depth  of  submergence  and  was  given  by 


^c  = 


/  2’n'D  \ 

exp  ( - ^  hg) 

27tD  ,  \ 

exp  ( - -  h^) 


where  D  =  maximum  model  diameter, 

h^  =  depth  of  submergence  for  each  test,  and 
hg  =  common  depth  of  submergence  =  2,5D, 


(5) 
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The  predicted  values  of  force  and  moment  per  unit 
wave  amplitude  were  computed  for  a  depth  of  2.5  model  diameters 
by  taking  the  product  of  the  results  of  equations  4  and  5 
divided  by  the  corresponding  wave  amplitudes. 

The  phase  angle  (/S)  between  the  maximum  recorded 
force  and  the  recorded  wave-crest  was  taken  from  the  record 
for  each  component.  This  value  was  corrected  for  the  phase 
shift  due  to  the  filter  (7)  at  the  frequency  of  encounter 
and  for  the  phase  difference  between  the  wave-height  at  the 
wave-wire  and  the  wave-height  above  the  center-of-buoyancy 
(CB)  of  the  model  (a) .  The  latter  correction  may  be  found 
from  the  relation: 

a  =  (360®)  cos  9  (6) 

where  d  Is  the  distance  from  the  wave-wire  to  the  CB,  The 
desired  phase  angle  (e)  between  the  force  maximum  at  CB  and 
the  time  at  which  a  wave- crest  Is  over  the  CB  was  then  found 
from 

e  =  ^  -  (a  +  7)  {7) 

A  vector  diagram  In  Figure  5  shows  the  phase  relations  which. 
In  general,  were  found  throughout  the  Investigation.  Also 
shown  In  Figure  5  Is  a  phase  correction  (6)  due  to  dynamic 
effects. 
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III.  DISCUSSION  OF  RESULTS 


A.  VERTICAL  PLANE 

The  measured  heave  force  and  pitching  moment  magni¬ 
tudes  were  corrected  to  2.5  diameters  submergence  (Figures  6 
through  13)  .  The  corresponding  phase  angles  are  shown  in 
Figures  29  through  36.  The  scatter  and  inconsistencies  in 
these  results  are  indicative  of  the  inadequacies  of  the 
experimental  setup.  Most  of  the  scatter  in  the  vertical  plane 
results  is  due  to  poor  measurement  of  the  wave-height.  Other¬ 
wise,  these  measurements  are  considered  dependable. 

No  differences  were  found  in  the  measurements  with 
and  without  the  conning  tov;er. 

B.  HORIZONTAL  PLANE 

1.  Dynamic  Effects 

In  the  theoretical  analysis,  the  model  was  constrained 
to  move  in  a  straight  line  at  constant  speed.  The  flexibility 
of  the  supporting  structure  in  the  experiments  caused  the 
model  to  oscillate  slightly  in  response  to  periodic  wave 
forces.  An  investigation  was  made  of  the  effect  of  this 
motion  on  the  measured  forces  and  moments. 

The  natural  frequencies  of  the  apparatus  for  all 
rotations  of  the  model  and  for  vertical  translation  of  the 
model  were  sufficiently  high;  therefore,  corrections  for 
dynamic  effects  were  neglected.  The  natural  frequency  in 
vertical  translation  v;as  about  10  cps,  and  the  natural 
frequency  in  roll  was  about  20  cps.  The  largest  frequency  of 
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encounter  was  2.38  cps  which  was  less  than  l/4  of  the  lov;est 
of  these  natural  frequencies  and  resulted  in  a  magnification 
factor  in  the  measured  force  of  less  than  2  percent. 

However,  the  horizontal  motion  of  the  model- strut- 
carriage  mass  with  the  elastic  support  of  the  rail  and  bridge 
acting  as  a  spring  had  a  natural  frequency  of  about  2.4  cps. 

At  short  wave  lengths  and  high  speeds,  the  magnification  of 
lateral  effects  due  to  resonance  was,  therefore,  not  negligible. 
The  derivation  of  the  corrections  for  this  dynamic  response 
is  discussed  in  Appendix  B.  Several  corrected  values  are 
plotted  in  Figure  16  (the  flagged  points)  for  the  side  force 
and  Figure  I9  for  the  yaw  moment,  as  examples  of  these  results. 
This  correction  was  less  than  10  percent  of  the  measured 
values  for  the  side  force  magnitude  and  5  degrees  for  the 
phase  lag  for  90  per-cent  of  the  data.  The  moment  corrections 
are  less  than  those  for  the  side  force.  These  corrections 
are  based  on  crude  guesses  of  the  worst  possible  conditions. 

2.  Without  Conning  Tower 

A  sinusoidal  curve  was  visually  faired  through  the 
data  at  the  wave  encounter  frequency  from  which  the  measure¬ 
ments  of  the  magnitude  and  phase  angle  of  the  side  force  and 
yaw  moment  were  obtained.  The  resulting  loss  in  accuracy 
caused  the  Increased  scatter,  particularly  in  the  phase  angles 
when  compared  with  the  data  for  the  vertical  plane. 

3.  With  Conning  Tower 

The  contribution  of  the  force  on  the  conning  tower 
to  the  force  on  the  body  In  the  horizontal  plane  was  not 
large;  therefore,  significant  changes  in  the  side  force  and 
yaw  moment  were  not  observed. 

The  roll  moment,  however,  was  entirely  due  to  the 
force  on  the  conning  tower.  The  roll  moment  magnitudes  are 
shown  In  Figures  26  through  28  and  the  phase  lags  In  Figures 
49  through  51 • 
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The  analysis  of  the  roll  moment  data  was  hampered 
by  the  same  dynamic  effects  as  the  side  force  and  yaw  moment. 
However,  for  the  roll,  the  dynamic  magnification  due  to 
resonance  was  negligible  since  the  natural  frequency  of 
oscillation  In  roll  of  the  model  was  about  20  cps.  There 
still  remains  the  effect  of  the  transverse  oscillatory 
motion  of  the  model  at  the  frequency  of  wave  encounter  and  at 
the  natural  frequency  of  transverse  oscillations.  Due  to  the 
smaller  magnitude  of  the  roll  moments,  the  relative  error 
Introduced  by  the  transverse  oscillations  caused  greater 
scatter  and  more  Inaccuracy  In  this  component.  Again,  a 
sinusoidal  curve  was  faired  through  the  record  at  the  fre¬ 
quency  of  wave  encounter  resulting  In  the  same  loss  In 
accuracy  mentioned  previously. 
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IV. 


COMPARISON  WITH  THEORY 


Considering  the  loss  In  accuracy  due  to  the  poor 
wave-height  measurement  and  due  to  dynamic  effects,  the 
agreement  between  theoretical  and  experimental  results  Is 
good.  The  discrepancies  may  be  due  to  poor  experimental 
conditions  as  well  as  to  Inaccuracies  In  the  theory. 

The  measured  heave  force  and  pitch  moment  magnitudes 
and  phase  lag  show  good  agreement  with  theory  at  the  large 
wave-lengths.  At  short  wave-lengths  a  discrepancy  In  the 
phase  angle  Is  evident.  This  discrepancy  may  be  due  to  the 
assumptions  Involved  In  slender-body  theory,  which  would  not 
be  appropriate  at  small  wave  lengths.  The  theoretical  and 
experimental  magnitudes  are  In  good  agreement  at  short  wave¬ 
lengths. 

The  side  force  and  yaw  moment  magnitudes  and  phases 
Indicate  that  the  same  conclusions  apply.  Agreement  between 
theory  and  experiment  is  good  for  magnitudes  and  phase  lag 
at  the  long  wave-lengthp  but  at  short  wave-lengths,  slender- 
body-theory  apparently  does  not  give  an  accurate  prediction 
of  the  phase  angle.  The  experimental  and  theoretical  magni¬ 
tudes  are  In  good  agreement  at  short  wave-lengths. 

The  discrepancy  between  the  measured  roll  moment 
magnitudes  and  the  corresponding  predicted  values.  Is  largely 
due  to  the  transverse  oscillations  of  the  model.  However,  a 
cursory  Investigation  showed  that  better  agreement  was  obtained 
using  the  following  corrections  to  the  theory.  First,  the 
wave  orbital  velocity  at  the  midspan  of  the  conning  tower 
was  used  to  calculate  the  roll  moment.  The  theory  presented 
In  reference  3  uses  the  velocity  at  the  centerline  of  the 
model.  The  variation  of  the  wave  orbital  velocity  with  depth 
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Is  shovm  In  Figure  52.  The  corrected  roll  moment  magnitudes 
are  shown  as  dashed  lines  In  Figures  26  through  28.  At  each 
heading  tetter  agreement  between  the  corrected  theory  and 
experiment  Is  achieved  at  higher  speeds,  whereas,  at  zero 
speed,  the  original  good  agreement  Is  now  poor.  Secondly, 
the  theoretical  roll  moment  at  zero  speed  Is  calculated  on 
the  basis  of  two-dimensional  theory.  At  zero  speed,  the  roll 
moment  Is  given  by: 


L  = 


m 


8v 

'St 


where,  z^  =  distance  from  x-axls  to  midspan  of  conning  tower, 

m  -  added  mass  of  conning  tower, 

~  normal  component  of  orbital  acceleration  near  the 
conning  tower. 

A  better  approximation  for  m  than  that  used  In  the  theory  of 
reference  3  might  be 


_  _  6.3  pa^b 

m  =*  -====;======= 

■y  +  b® 

from  reference  6.  In  this  equation 


2b 


p  =  density  of  fluid 
a  =  semi-chord  length 


(8) 


b  =  semi  span 

The  factor  of  2  In  equation  8  was  included  to  account  for  the 
presence  of  the  body.  The  zero  speed  roll  moment  magnitude 
calculated  with  this  value  of  added  mass  is  shown  In  Figures 
26  through  28  as  a  dash-dot  line.  The  original  good  agree¬ 
ment  between  theory  and  experiment  Is  again  realized  with  this 
correction.  The  magnitude  of  this  correction  decreases  as 
speed  increases  since  the  contribution  to  the  total  force  on 
the  conning  tower  of  added  mass  effects  decreases. 
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These  corrections  are  discussed  here  to  Indicate 
possible  approaches  to  a  more  exact  theory.  It  Is  not  Intended 
that  these  corrections  should  be  Included  with  future  theo¬ 
retical  computations  based  on  the  theory  In  reference  3 •  If 
more  exact  theoretical  results  are  desired  a  more  exact  theory 
Is  needed. 
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V.  CONCLUSIONS 


The  flexibility  of  the  model  supports  caused  con¬ 
siderable  hash  and  some  dynamic  effects^  which  accounts  for 
much  of  the  scatter  In  the  plotted  data,  especially  In  the 
horizontal  plane.  Nevertheless,  the  theory  developed  In 
reference  3  predicts  with  reasonable  accuracy  the  forces 
and  moments  acting  on  a  slender  body  moving  obliquely  under 
regular  waves. 

Two  consistent  discrepancies  were  found.  The 
measured  phase  lags  for  all  forces  and  moments  at  the 
90-degree  heading  angle  exceeded  the  computed  values  at  all 
speeds.  This  discrepancy  diminished  as  the  wave  length 
Increased  and  at  the  highest  wave  length  the  phase  lags  agreed 
with  theory  In  all  cases  tested.  Secondly,  the  measured  roll 
moment  magnitudes  do  not  agree  with  the  theory  at  the  higher 
speeds.  Both  of  these  discrepancies  are  Indicative  of  the 
Inadequacies  of  slender-body- theory . 
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TABLE  I 


MODEL  CHARACTERISTICS 


Length-diameter  ratio 
Length 

Maximum  diameter 

Maxlmiom  cross  sectional  area 

Wetted  surface 

Projected  area 

Volume 

Prismatic  coefficient 
Weight  In  air 

Buoyant  force  minus  weight  In  water 
LCB  aft  of  bow 
LCG  aft  of  bow 

Center-of-balance  aft  of  bow 


7.34 

4.5  feet 
0.613  feet 
0.295  feet^ 

6.366  feet^ 
1.999  feet^ 

0.797  feet^ 

0.600 

21.0  pounds 
28.7  pounds 
2.005  feet 
2.047  feet 
2.671  feet 


21 


TABLE  II:  TEST  CONDITIONS  AND  FREQUENCY 

OF  ENCOUNTER  (  CYCLES  PER  SECOND) 


HEADING 

ANGLE  e 

( degrees) 

Vl 

V 

( ft/sec) 

0 

30 

60 

90 

1.0 

0 

1.055 

1.055 

1.055 

1.055 

2.02 

1.504 

1.444 

1.280 

1.055 

3.96 

1.936 

1.8l8 

1.496 

1.055 

5.95 

2.378 

2.201 

1.717 

1.055 

1.5 

0 

.895 

.895 

.895 

.895 

2.02 

1.219 

1.176 

1.058 

.895 

3.96 

1.530 

1.445 

1.213 

.895 

5.95 

1.848 

1.720 

1.372 

.895 

2.0 

0 

.746 

.746 

.746 

.746 

2.02 

0.970 

0.940 

0.858 

.746 

3.96 

1.186 

1.127 

0.966 

.746 

5.95 

i:407 

1.318 

1.076 

.746 

2.5 

0 

.668 

.668 

.668 

.668 

2.02 

0.848 

0.824 

0.758 

.668 

3.96 

1.020 

0.973 

0.844 

.668 

5.95 

1.197 

1.126 

0.933 

.668 
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TABLE  III:  WAVE  SPEEDS 


\/L 

X 

c 

( feet) 

(ft/sec) 

1.0 

4.5 

4.75 

1.5 

6.75 

5.6o 

2.0 

9.0 

6.71 

2.5 

11.25 

7.52 
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FIGURE  2.  EXPERIMENTAL  APPARATUS 
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APPENDIX  A: 
THEORETICAL  ANALYSIS 


The  results  presented  here  summarize  the  analysis 
originally  reported  in  reference  3 .  The  problem  is  the  pre¬ 
diction  of  the  forces  and  moments  acting  on  a  submerged 
slender  body  moving  under  a  regular  wave  system.  The  coordi¬ 
nate  system  and  other  nomenclature  are  Illustrated  in  Figure  53. 
The  body  is  constrained  to  move  in  a  straight  line  at  constant 
depth  and  with  no  angle- of-attack  relative  to  calm  water. 

The  wave  system  is  at  an  arbitrary  heading-angle  to  the  course 
of  the  body.  The  effect  of  the  presence  of  a  free  surface  is 
neglected  in  determining  the  forces  and  moments. 

With  these  assumptions,  the  expressions  for  the 
forces  and  moments  acting  on  the  body  are  derived.  The  side 
and  heave  force  are 


(A-1) 


(A-2) 


where  D/Dt  =^/^t  -  V  ^/^x,  w^  and  v^  are  the  wave  orbital 
velocities  at  the  point  (x,  0,0)  of  the  body,  and  A22  A^^ 

are  the  two-dimensional  stripwise  added  masses  in  the  Y  and  Z 
directions  due  to  translational  motion  in  the  Y  and  Z  direction 
respectively,  given  by; 


A33  =  pTTR^  (at  all  sections) 


App  =  pttR^  ( at  sections  where  there  is  no  conning 
tower) 
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App  =  [(b  +  R) 

^2  4t)2  L 

sections) 


-  12  ( at  f alrwater 


For  the  yaw  and  pitching  moment  the  following  equations 


were  used: 


»  IT 


^d3E^ 


(a-3) 


dZ  , 


(a- 4) 


For  the  roll  moment 


I  Dt 
^  x_ 


1*42  Vo)!!*: 


(A-5) 


Where  A^^*  strlpwise  added  mass  moment  about  the  x  axis 
due  to  flow  In  the  y  direction  is  given  by: 

(■>..-  H).^  (|4  3in-^^)]  (A-6) 


The  wave  orbital  velocities  at  (x,  0,  O)  are  given  by  the 
following  equations: 


V  =  -icac  sin  Se'**  e'-''  +  (V  cos  6  -  o)  t  ] 

o 

w  =-lk:  ac  e"^  e  +  (V  cos  0  -  c)  t  ] 

o 


(A-7) 


(A- 8) 


These  results  were  applied  to  a  series-58  hull  with 
dimensions  given  in  Table  I  of  this  report.  The  forces  and 
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moments  were  evaluated  for  a  submergence  of  2.5  model  diameters. 
The  origin  of  the  coordinate  system  was  taken  at  the  center- 
of-buoyancy  and  consequently  the  moments  were  calculated 
relative  to  the  CB.  These  results  were  transferred  vectorlally 
to  give  the  magnitude  of  the  forces  and  moments  acting  at  the 
center  of  the  balance.  The  computed  phase  lags  are  relative 
to  the  wave  height  (r))  at  the  CB  given  by 

T)  =  a  cos  cot.  (A-9) 
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APPENDIX  B; 

INERTIAL  CORRECTIONS 

The  flexibility  of  the  structure,  used  to  support 
the  strut,  caused  the  records  of  the  force  and  moment 
output  to  Include  inertial  foi’ces  which  were  due  to  the 
motion  of  the  model  in  response  to  the  wave  forces.  The 
corrections,  made  necessary  by  these  inertial  forces,  are 
discussed  in  this  appendix. 

The  linear  and  angular  displacement  (6  and  ^)  of 
the  model  in  the  x,y  plane  relative  to  the  strut  were  measured 
and  recorded.  These  displacements  were  proportional  to  the 
force  and  moment  and  -k^iS)  that  were  applied  to  the 

model  by  the  balance,  where  k^  and  k^  were  the  calibrated 
spring  constants  of  the  balance.  The  wave  force  and  moment 
relative  to  the  center- of- buoyancy  (Y  and  N)  are  the  quanti¬ 
ties  which  must  be  found.  Using  the  usual  nomenclature  for 
the  linearized  hydrodynamic  forces  acting  on  a  submerged 
body,  the  equations  of  motion  of  the  model  relative  to  the 
center- of- buoyancy  are: 

Y  +  Y^y  +  Y^y  +  Y^^  +  Y^^  +  Y^^-k^6  =my-  m^^  (B-l) 

and 

N  +  N^.y  +  N^y  +  N^-^  +  N^^  +  N^/S  -  +  lk^5  =  I^^^  -  m^y 

(B-2) 

where  I  is  the  distance  from  the  center  of  the  baleince  to  the 
center-of-buoyancy  and  ^  is  the  distance  from  the  center-of- 
gravlty  to  the  center-of-buoyancy  which  are  both  positive  when 
the  center-of-buoyancy  is  forward.  The  hydrodynamic  deriva¬ 
tives  and  the  moment  of  inertia  (l  _)  are  all  relative  to  the 
center-of-buoyancy.  The  total  linear  translation  of  the 
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model  along  the  y-axls  was  found  to  be  large  in  comparison 
with  the  total  angular  displacement.  Therefore,  the  angular 
displacement  /S  is  assumed  to  be  entirely  due  to  the  distortion 
of  the  balance,  while  the  total  linear  translation  Is  denoted 
as  y,  and  the  linear  distortion  of  the  balance  In  the  y-dlrec- 
tion  Is  6  ( <  y) .  The  hydrodynamic  Inertia  coupling  terms 
\  Yv  and  N..  are  taken  to  be  zero  In  this  analysis.  Solving 

li 

these  equations  for  the  force  and  moment  due  to  the  wave 
forces  and  transferring  the  moment  axis  to  the  center  of  the 
balance  results  In  the  following  expressions: 

Y  =  (m  -  Y.^)  y  -  Y^y  -  m^jS'  -  Y"^  -  Y^^  +  k^6  (B-3) 

and 

N  +  tY  =  C  (m  -  Y..)l  -  m^:  y  -  CtY-  +  N.  :  y  + 

y  y  y 

a  C(I^^  -  Ng)  -  mill  ]3  -  C  +  Y-t:  ^  - 

[N^  +  Y^i  (B-4) 

Assuming  simple  harmonic  motion  with  frequency  (oo) 
equal  to  the  frequency  of  wave  encounter  for  the  displace¬ 
ments  of  y,  6,  and  /3  and  assuming  that  all  of  these  motions 
are  In  phase  with  each  other,  equations  B-3  and  B-4  become: 

(m  -  Y.y.)  Y.  +  ml  Y^  -  Y^p^  + 

(B-5) 

cind 

+  lY^  =  C(m  -  Y-)  I  -  mil  -lo)  y^  LlY^  +  Np  - 

CN^  +  Y^ll  +  k^^^  (B-6) 

where  an  has  been  cancelled  from  each  term;  y^,  ]8^,  and 

6^  denote  the  real  amplitudes  of  the  respective  motions  and 
Nq  and  Y^  are  the  complex  amplitudes  of  the  wave  force  and 
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moment.  In  these  equations,  the  hydrodynamic  terms  involving 
were  small  in  comparison  with  y^  and  the  terms  iooy^-tY^, 
^J^^y^m^  and  icuy^-ty^  were  small  in  comparison  with  the  remain¬ 
ing  terms.  Neglecting  these  terms,  equations  B-5  and  B-6 
reduce  to: 

and 

Nq  +  (m  -  Yy)-t  -iaiy^  (B-8) 

In  equations  B-7  and  B-8,  the  terms  k^6^  and 
represent  the  recorded  balance  forces;  the  left-hand  sides 
(Y^  and  N^+  -^Y^) ,  represent  the  complex  amplitudes  of  the 
force  and  moment  applied  to  the  model  by  the  wave  forces 
relative  to  the  center  of  the  balance,  and  the  remaining  terms 
are  corrections  to  the  forces  measured  by  the  balance,  which 
are  necessary  because  of  the  model  motion  of  amplitude 
y^  and  frequency  oo  in  response  to  the  wave-  force  excitation. 
Prom  these  equations,  the  phase  and  magnitude  corrections 
to  the  measured  force  and  moment  may  be  found. 

The  corrections  indicated  by  equations  B-7  and  B-8 
were  evaluated  for  several  tests.  The  acceleration  and 

frequency  (oo)  were  measured  from  the  records  euid  the  velocity 
(cuy^)  was  calculated.  However,  the  recorded  accelerations  at 
frequency  cu  were  Indiscernable  because  of  the  hash  in  the 
accelerometer  records  so  that  an  estimate  of  the  worst  pos¬ 
sible  value  for  the  magnitude  of  the  acceleration  was  the 
best  information  that  could  be  obtained.  Using  this  value, 
it  was  found  that  the  phase  correction  was  always  less  than 
5-degrees  and  that  the  magnitude  correction  was  less  than 
10  percent  for  90  percent  of  the  runs.  As  a  result,  includ¬ 
ing  these  corrections  in  the  calculation  of  the  experimental 
forces  and  moments  was  considered  to  be  not  worth  the  time 
Involved.  For  those  cases  investigated,  the  inclusion  of 
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these  corrections  did  not  lessen  the  scatter  In  the  results 
for  either  the  magnitude  or  phase  of  the  measured  forces 
and  moments.  In  all  cases,  when  the  magnitude  corrections 
are  Included,  the  magnitude  Is  reduced.  The  side  force  data 
corrected  on  the  basis  of  the  previous  analysis  are  shown 
as  the  flagged  points  In  Figure  l6  and  In  Figure  19  for  the 
yaw  moment. 
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